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Spray-Assisted Polyelectrolyte Multilayer Buildup:  
from Step-by-Step to Single-Step Polyelectrolyte  
Film ConstructionsThe alternate deposition of polyanions and polycations on a solid substrate 
leads to the formation of nanometer to micrometer films called Polyelectro-
lyte Multilayers. This step-by-step construction of organic films constitutes 
a method of choice to functionalize surfaces with applications ranging from 
optical to bioactive coatings. The method was originally developed by dipping 
the substrate in the different polyelectrolyte solutions. Recent advances show 
that spraying the polyelectrolyte solutions onto the substrate represents an 
appealing alternative to dipping because it is much faster and easier to adapt at 
an industrial level. Multilayer deposition by spraying is thus greatly gaining in 
interest. Here we review the current literature on this deposition method. After 
a brief history of polyelectrolyte multilayers to place the spraying method in its 
context, we review the fundamental issues that have been addresses so far. We 
then give an overview the different fields where the method has been applied.1. Introduction
Polyelectrolyte Multilayer films constitute surface coatings that 
are obtained by the alternated deposition of polyanions and 
polycations on solid substrates, i.e., through a layer-by-layer 
(LbL) deposition process. Due to their potentially widespread © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Adv. Mater. 2012, 24, 1001–1016application domains, they became one of 
the hottest topics in colloid and interface 
science over the last years with more than 
three papers published daily. Several ways 
to prepare polyelectrolyte multilayers have 
been developed. The first buildups were 
realized by dipping the substrate alter-
nately in polyanion and polycation solu-
tions, each deposition step being followed 
by a rinsing step. The technique was then 
extended to spin-coating assisted LbL and 
since 2005 the spray-assisted LbL receives 
increasing interest. It is schematically 
represented in Figure 1. We will review 
here the literature relative to the spray-
assisted deposition method which appears 
very promising for technological applica-
tions of polyelectrolyte multilayers. Before 
reviewing the major results obtained in the field, we will briefly summarize the history of polyelectrolyte 
multilayers. Many aspects and results will be omitted because 
they do not constitute the central topic of this review. We will 
then focus on fundamental results and applications relative to 
spray assisted LbL.
2. Polyelectrolyte Multilayers: a Brief History
The buildup of polyelectrolyte multilayers relies on the charge 
reversal that takes place after each deposition step of an oppo-
sitely charged polyelectrolyte on a substrate. Layer-by-layer tech-
niques originate from two 1965–1966 papers by Ralph Iler[1] and 
Jack Kirkland[2] (then working at E.I. du Pont de Nemours & 
Company) and it was originally patented in 1970–1984.[3,4] Iler 
showed that negatively charged silica particles and positively 
charged Boehmite fibrils can be deposited step-by-step due to 
charge reversal after each deposition step (Figure 2). In 1980, 
Fromherz[5] was the first to mention “electrostatic assemblies at 
interfaces…by alternant binding of proteins and oppositely charged 
polyelectrolytes”. He also mentioned the charge reversal accom-
panying a protein adsorption: “…, the number of charges located 
in the monolayer of bound protein exceeds the number of charges of 
the headgroup plane considerably. The bound layer of protein forms 
thus another adsorptive plane of electrostatic type with a reversed 
charge….”
Yet, Fromherz did not give an experimental proof of the 
validity of this LbL buildup concept. This proof was brought by 
Hong and Decher[6] in 1991. In their first article, they alternated 1001wileyonlinelibrary.com
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Figure 1. Schematic representation of the spray assisted layer-by-layer 
deposition. The bottle 1 represents a polycation solution, the bottle 
3 a polyanion solution and the grey bottles 2 and 3 the rinsing solu-
tion. Reprinted with permission.[29] Copyright 2005, American Chemical 
Society.the deposition of anionic and cationic bolaform molecules. The 
first paper presenting a Polyelectrolyte Multilayer, meaning a film 
resulting from the alternation of polyanions and polycations, 
dates back to 1992 where Decher, Hong and Schmitt used as 
polyanion poly(styrene sulfonate) (PSS) or poly(vinylsulfate) and 
as polycation poly(allylamine hydrochloride) (PAH) or poly-(4-
vinylbenzyl-(N,N-diethyl-N-methyl-)-ammonium).[7] They found 
that the thickness of these films increases linearly with the 
number of deposition steps at least up to 25 deposition cycles.[7] 
In 1993, Decher and co-workers[8] showed by neutron reflec-
tivity that PSS/PAH films are stratified, a property which ren-
dered the polyelectrolyte multilayers popular because it allows 
fine control over the film architectures (Figure 3).
These investigations triggered research in diverse directions: 
Lvov et al. prepared multilayers containing viruses,[9] Decher, 
Lvov and others built multilayers including DNA[10] and pro-
teins.[11,12] Kleinfeld and Fergusson introduced multilayers by 
alternate deposition of polyelectrolytes and clay particles.[13] 
Gao[14] and soon later Kotov developed films in which one of the 
polyelectrolytes was replaced by nanoparticles[15] and Rubner 
introduced multilayers containing conducting polymers.[16,17] 
In 1997, Decher published the landmark article “Fuzzy assem-
blies towards layered polymeric multicompositses” where the main 
properties of polyelectrolyte multilayers known at that time 
were reviewed.[18] This article constitutes a cornerstone in the 
field and popularized the polyelectrolyte multilayers. In 1998, 
Caruso and Möhwald introduced the fruitful concept of multi-
layer capsules obtained with sacrificial particles as templates wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Schematic representation of a multilayer of silica particles (A, C, 
and E), held together by boehmite fibrils (B, D, F) deposited on a silica 
substrate G. Reprinted with permission.[1] Copyright 1966, Elsevier.
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Figure 3. (a) Linear increase of the film thickness of poly(styrene sul-
fonate)/poly(allylamine hydrochloride) multilayers with the number of 
deposited bilayers for three different salt concentrations (reproduction 
from [94]); (b): neutron reflectivity as a function of the momentum transfer 
for a multilayer (PSS- h/PAH/PSS- h/PAH/PSS-d/PAH)8 where PSS- h 
corresponds to poly(styrene sulfonate) and PSS- d corresponds to per-
deuterated poly(styrene sulfonate) and PAH represents poly(allylamine 
hydrochloride). The presence of Bragg peaks proves the stratified nature 
of the multilayers. The insert represents the deuterium profile of the film 
that is calculated from the neutron reflectivity curve. Reprinted with per-
mission.[8] Copyright 1993, American Chemical Society.
Figure 4. a) Evolution of the reduced frequency shift measured by a 
quartz crystal micro-balance as a function of the number of deposition 
steps for a hyaluronic acid (HA)/poly(L(lysine) multilayer. The different 
curves correspond to different frequencies (from top to bottom 5, 15, 
25, and 35 MHz). In a first approximation, the signal is proportional to 
the hydrated mass of the deposited film. One observes the exponential 
evolution of the signal. Reprinted with permission.[24] Copyright 2001, 
American Chemical Society. b) Schematic representation of the expo-
nential growth process. Reprinted with permission.[26] Copyright 2004, 
American Chemical Society.for multilayered buildups.[19] Polyelectrolyte multilayer capsules 
received considerable attention since, mainly due to their poten-
tial applications in the biomedical field. Beside Möhwald and 
Caruso, one of the major actors in this field was Sukhorukov.[20]
Until 1999, it was assumed that the thickness of polyelec-
trolyte multilayers always increased linearly with the number 
of deposition steps or super-linearly (faster than linearly). This 
behaviour was attributed to an increase of the film roughness 
along the whole buildup process.[21,22] In 1999, Hubbell and 
co-workers[23] found that the LbL deposition of poly(L-lysine) 
(PLL) and alginate (AGL) leads to the formation of gel-like films 
with an exponential thickness increase versus the number of © 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1001–1016deposition steps instead of the usually observed linear thick-
ness increase. Shortly later, Picart and co-workers[24–26] found 
that it was not an isolated example: exponentially growing films 
constitute a new class of polyelectrolyte multilayers (Figure 4a). 
The same authors showed that, whereas for linearly growing 
films, the polyelectrolytes from the solution interact only with 
the top outer layer of the film, exponential film growth takes 
place when at least one of the polyelectrolytes can diffuse 
into the entire film during each deposition step. A schematic 
representation of the exponential growth process is given in 
Figure 4b. When the film is then further brought into contact 
with the polyelectrolyte of opposite charge, the polyelectrolyte 1003wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 5. Schematic representation of the Simultaneous Spray Coating of 
Interacting Species (SSCIS). Polyanion and polycation solutions are simul-
taneously sprayed on the substrate held vertically followed by a rinsing 
step (grey bottle).that has diffused into the film diffuses again partly out. Once it 
reaches the film/solution interface, it is complexed by the oppo-
sitely charged polyelectrolyte from the solution. These com-
plexes remain bound to the film and form an additional layer 
on the top of the film. The mass of this layer being proportional 
to the amount of polyelectrolytes that diffused in and out of 
the film, directly related to the film thickness, the film growth 
becomes exponential.
Up to 1998, polyelectrolyte multilayers were built either by 
dipping the substrate alternately into the polyanion, the poly-
cation and the rinsing solutions or by flowing these solutions 
over the substrate in experimental cells. In 1999, Ciba Vision 
developed a spraying technique to build multilayers for contact 
lens coating. They patented this deposition procedure, yet, the 
patent was only issued in 2002.[27] So, the first report available 
by classical literature describing the spray-assisted layer-by-layer 
buildup was from Schlenoff[28] in 2000. Yet, the method did 
not capture the attention of the community before Izquierdo 
et al.[29] revisited it in 2005. Since, spray-assisted LbL received 
increasing interest from the scientific community. In 2005, 
Porcel et al.[30] introduced a first example of the spray-assisted 
LbL in which the polyanion and the polycation solutions are 
simultaneously sprayed onto a substrate held vertically leading 
to a continuous film growth. A generalization of this process 
was described in 2011 (Figure 5) which is now called simulta-
neous spray coating of interacting species (SSCIS).[31] In 2001, 
Hong and co-workers[32] introduced the spin-coating assisted 
LbL method to deposit polyelectrolyte multilayers. The major 
advantages of this technique is that it needs quite less mate-
rial to prepare the films and that, due to mechanical stresses 
that act during the deposition process on the latest deposited 
polyelectrolyte chains, only the chains that are firmly bound 
to the multilayer remain anchored to it. This confers great 
mechanical robustness to the films compared to those built by 
dipping,[33] and allows to transform them into nanometer thick 
self-standing membranes.[34]
Historically, LbL films were first built through ionic interac-
tions via alternated deposition of polycations and polyanions. 
Yet, films can also be built via hydrogen bondings. In 1997, 
Stockton and Rubner[35] realized films through hydrogen 
bonding of polyaniline. At the same time Wand et al. assem-
bled hydrogen bonded multilayers of poly(4-vinylpyridine) and 4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gpoly(acrylic acid).[36] The group of Sukhishvili focused most 
attention on this type of films being erodable under pH or tem-
perature changes.[37–39] Hydrogen bonds were also combined 
with electrostatic interactions to extend the responsive proper-
ties of the films.[40] One of the major advantages of polyelectro-
lyte multilayers is to rely on electrostatic interactions which are 
extremely general. Yet, electrostatic interactions are not covalent 
which often leads to films with poor mechanical properties. This 
drawback was circumvented by constructing cross-linked multi-
layers. This can be realized in two ways. A first method consists 
in cross-linking the films after their buildup, as first introduced 
in 1995 by Decher et al.[41] In 1998, the group Sun et al. con-
structed a highly stable covalently attached multilayer obtained 
by UV irradiation of ionic self-assembled multilayer films of 
diazo-resins and poly(styrene sulfonate).[42] In 1999, Harris 
et al.[43] showed that cross-linking of polyelectrolyte films con-
taining amine and carboxylic groups can be achieved by simple 
heating resulting in the formation of amide functions. In 1996, 
Brynda and Houska used a cross-linking agent, glutaraldehyde, 
to cross-link human serum albumin/heparine multilayers.[44] 
Later, Picart et al.[45,46] cross-linked exponentially growing films 
HA/PLL (HA is hyaluronic acid) by using water soluble car-
bodiimide in combination with N-hydroxysulfosuccinimide to 
induce amide formation between carboxylic and amine groups. 
This approach allows tuning the Young modulus of the films, 
a parameter that is essential to control cell adhesion. A second 
way to build covalent multilayer films is to deposit alternately 
polymers bearing chemically reactive functional groups.[47,48] 
In 2006, Caruso and collaborators described the first multi-
layer film built through the Huisgen-Sharpless click reaction 
where they alternated poly(acrylic acid) (PAA) chains bearing 
azide and alkyne moities.[49] In the presence of Cu(I), the reac-
tion of both entities leads to the formation of triazole bonds. 
Cu(I) was generated from Cu(II) by the presence of ascorbate 
as reducing agent. In 2010, Rydzek et al.[50] proposed to use a 
similar strategy but by generating the Cu(I) catalyst through 
electrochemical reduction of Cu(II), the film being built on the 
electrode where Cu(I) is generated. Cu(I) then plays the role of 
morphogen that drives the coupling reaction exclusively in the 
vicinity of the electrode. This allows to mix all the reacting spe-
cies, polymers bearing azide moieties, polymers bearing alkyne 
moieties and Cu(II) in a same solution and to induce the film 
buildup by an electrochemical trigger exclusively at the elec-
trode. This led to the concept of “one pot morphogen driven 
film buildup”.[51] Ariga and co-workers presented soon later 
another strategy for electrochemical-coupling layer-by-layer (EC-
LbL) assembly based on a direct coupling reaction instead of a 
morphogen driven one.[52]
A good review about the general LbL methods was published 
in 2007 by Zhang et al.[53]
3. Spray-Assisted LbL
3.1. History and Fundamental Results
Spray assisted LbL deposition was first reported by Schlenoff[28] 
et al. in 2000 even if a patent was already deposited for this mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1001–1016
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investigated the alternate spraying of PSS and PDADMAC 
(PDADMAC: poly(diallyldimethyl-ammonium chloride)). Each 
deposition step was followed by a rinsing step which was real-
ized by pure water spraying. The authors found highly uniform 
films with the same chemical composition and the same selec-
tive membrane properties as those found for films realized by 
dipping. The major advantages of the spraying method com-
pared to dipping are that spraying is fast and allows for large 
surface coatings. Applied in a crude manner, a large fraction 
of the sprayed polyelectrolytes is lost. In the case of the experi-
ments reported by Schlenoff et al.[28] it represents up to 99% 
of the total amount. Yet, the method did not capture the atten-
tion of the community before Izquierdo et al.[29] investigated 
it more deeply in 2005. These authors compared dipping with 
spray-assisted LbL for the PSS/PAH system. They investigated 
the influence of various parameters such as the spraying time, 
the influence of the rinsing step and the influence on the film 
buildup of the solution concentrations. The substrate was held 
vertically to allow drainage for removal of the excess of mate-
rial. Schlenoff et al.[28] did not specify how the excess material 
was removed but one can assume that they also hold the sub-
strate vertically.
Izquierdo et al. found that spraying leads to very homoge-
neous films even for spraying times as short as 3s. For similar 
contact times between the polyelectrolyte solutions and the 
substrates, spraying always leads to smaller film thicknesses 
compared to dipping. Yet for short contact times in contrary 
to dipping process, spraying processes lead to films showing 
Kiessing fringes by scanning angle X-Ray reflectivity (Figure 6). 
Such fringes constitute characteristic features of smooth homo-
geneous films. For a given spraying time, these authors found 
that the thickness per bilayer increases when the polyelectrolyte 
concentration is increased. When the PSS or PAH solutions are 
sprayed at different concentrations the film thickness increase © 2012 WILEY-VCH Verlag G
Figure 6. Scanning angle X-Ray reflectivity curve of a PEI-(PSS/PAH)20 
multilayer film built by spraying (PEI is poly (ethylene imine)). The 
Kiessing fringes prove the high smoothness of the film. Reprinted with 
permission.[29] Copyright 2005, American Chemical Society.
Adv. Mater. 2012, 24, 1001–1016is determined by the lowest concentrated sprayed PSS or PAH 
solution. They also found that the rinsing step can be omitted 
leading to even thicker films compared to dipping processes 
without altering the film quality. Using X-ray and neutron reflec-
tivity, Felix et al.[54] investigated the structure of spray assisted 
PSS/PAH films. By incorporating perdeuterated PSS into the 
film architecture they showed that, as for PSS/PAH films pre-
pared by dipping, sprayed films are stratified. They confirmed 
that these films are at least as smooth as similar films obtained 
by dipping. Kolasinska et al.[55] reached an opposite conclu-
sion for the same system as far as roughness is concerned. The 
main differences between the two experiments were the salt 
concentration of the sprayed polyelectrolyte solutions (0.5 M 
NaCl for Felix et al. compared to 0.15 M for Kolasinska et al.) 
and the spraying times of each deposition step and the time of 
rest between two spraying steps (respectively of 5 and 15 s for 
Felix et al. compared to 2 × 2 s and 2 s for Kolasinska et al.).
Köhler et al.[56] investigated the swelling of spray-assisted LbL 
films built with PSS as polyanion and with PDADMAC-NMVA 
(poly(diallyldimethylammonium chloride)-N-methyl-N-vinyla-
cetamide) as polycation as a function of the relative humidity. 
By varying the amount of methyl-vinylacetamide grafted onto 
PDADMAC, the charge density along the polycation chain could 
be modified. They determined by neutron reflectivity completed 
by atomic force microscopy a lower limit for the charge density 
below which no continuous film formation takes place with the 
spray-assisted LbL. Above this critical value, the thickness of 
the dry film decreases when the charge density increases. They 
also observed that the films swell when the relative humidity 
is increased. Up to a relative humidity of 60%, a small volume 
increase is observed which depends upon the charge density 
of the polyelectrolyte (typically 20% of volume increase of the 
film is obtained at 60% in relative humidity). Above a relative 
humidity of 60%, the volume change becomes more important 
but independent of the polyelectrolyte charge density. They also 
found that increasing the charge densities along the polycation 
chain enhances the limit of stability of the film when the salt 
concentration is increased. Finally, the roughness of the poly-
electrolyte multilayer films increases with the relative humidity 
and, for a given value, it increases when the polycation charge 
density is decreased. Typically for a relative humidity of 100%, 
PSS/PDADMAC films constituted by 6 bilayers had a thickness 
of 27 nm and a roughness of 1.5 nm. It is expected that most of 
these results remain valid for films prepared by dipping.
In 2006, Porcel et al.[57] investigated in details the spray-
assisted LbL of the exponentially growing HA/PLL film. 
Because spray assisted LbL is fast, they could easily reach, in a 
reasonable experimental time, films constituted by more than 
20 deposited bilayers. These experiments showed, for the first 
time, that the exponential increase of the film thickness takes 
place only over the first 12-14 deposition steps and that the 
process evolves afterwards towards a linear thickness increase 
with the number of deposition step (Figure 7).
Such a transition was more or less anticipated since one can 
assume that each deposition step takes place over a finite time. 
If the diffusion of the polyelectrolytes in or out of the entire 
film is longer than the contact time between the film and the 
solution, then the film growth should become linear because 
for a given critical thickness only part of the top of the film is 1005wileyonlinelibrary.commbH & Co. KGaA, Weinheim
100
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Figure 7. Evolution of the thickness of HA/PLL film measured by ellip-
sometry in the dry state as a function of the number of deposition steps. 
() Thickness with a rehydration step before each buildup step and () 
without a rehydration step. The film was obtained by spray assisted LbL. 
One observes a transition from an exponential to a linear growth regime. 
Yet, PLL continues to diffuse in and out of the whole film during each 
bilayer deposition step. Reprinted with permission.[57] Copyright 2006, 
American Chemical Society.concerned by the diffusion of the polyelectrolytes out of the 
film. Because spray-assisted LbL allows rendering the contact 
times between the polyelectrolyte solutions and the film almost 
arbitrarily short, this issue could be investigated. Surprisingly, 
the authors found that the exponential to linear transition of the 
film growth is not due to the time needed for a polyelectrolyte 
to diffuse through the whole architecture: the diffusion process 
of the polyelectrolytes in and out of the film is extremely fast (a 
few seconds to diffuse over several micrometers!). The reason 
for the exponential to linear transition is still not fully under-
stood. It seems to be related to the fact that only a given limited 
amount of polyanion/polycation complexes that form when the 
polyelectrolyte diffusing out of the film reaches the film/solu-
tion interface can remain bound to the film.[58] The remaining 
polyanion/polycation complexes that form at the interface dif-
fuse towards the solution.
3.2. Comparison of Dipping, Spinning, and Spraying Processes
In 2008, Krogman et al.[59] developed and compared “metal ion 
reactive films” by dipping and spraying process. These multi-
layers were obtained by alternately depositing solutions of PAH 
and solutions of PAA containing metal ions such as Cu++, Fe++, 
or Ag+. Metal ions are soft acids and thus strongly interact with 
soft bases such as carboxylic groups. The authors showed that 
PAA/PAH multilayers built with PAA solutions containing 
metal ions retain a much larger amount of these ions when 
obtained by spraying than by dipping. The explanation was 
that the polyelectrolytes deposited on the film by a dipping 
process diffuse from the solution towards the film/solution 
interface. The diffusion process is so slow that the polyelectro-
lytes reaching the multilayer interact with the polyelectrolytes 6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gmof opposite sign via electrostatic interactions. The adsorbing 
polyelectrolytes have sufficient time to accommodate before a 
new incoming chain interacts in its neighborhood. When PAA 
chains with metal ions bind to the film, the metal ions are 
released as soon as interactions between the PAA chains with 
the positive charges of PAH are established. If the multilayers 
are built by spraying, the polyelectrolyte solution near the inter-
face is constantly renewed. The polyelectrolyte concentration 
near the multilayer is thus not limited by diffusion so that the 
PAA chains reaching the film have no time to accommodate 
before new chains adsorb in their vicinity. Each PAA chain thus 
establishes fewer bonds with the underlying PAH layer and 
much less cationic metal ions are expelled. The polyelectrolyte 
charges in the multilayer are thus more extrinsically compen-
sated and contain a larger amount of metal ions. This clearly 
indicates that, in spite of the fact that the overall structure of 
sprayed multilayers is close to that of films obtained by dipping, 
the conformation of the chains and the charge compensation in 
the film can be very different.
In 2005 shortly after the publication of the paper by Izquierdo 
et al., Chen et al.[60] reported the use of spray-assisted LbL on 
stents to cover them with collagen-sirolimus coatings. This con-
stitutes the first example of spray-assisted LbL where a small 
molecule alternates with a polymer. To prevent dissolution of 
the collagen matrix, a naturally occurring cross-linking agent, 
genipin, was subsequently sprayed onto the multilayer film, 
resulting in the cross-linking of collagen. The authors stressed 
out that the LbL deposition by dipping led to non uniform coat-
ings of the stents and also that some collagen films remained 
between the wires of the stents. The spraying technique was 
necessary to obtain a nice uniform coating.
Hong and Park compared different film preparation methods 
(dip, spin and spray assisted LbL) to build block copolymer 
micelle multilayer films using polystyrene-block- poly(4–
vinylpyridine) and polystyrene-block-poly(acrylic acid). It was 
particularly noticeable that film growth was comparable for the 
spin and spray assisted methods. The dip assisted method leads 
to the most important increases in thickness. The aggregation 
of block copolymer micelles within drops issued from the spray 
mist in the spray assisted method led to film structures with 
large roughness resulting in porous structures.[61]
3.3. Incorporation of Vesicles or Nanoparticles
In 2005, Michel et al. showed that spray-assisted LbL does not 
only allow to obtain linearly growing multilayers but that expo-
nentially growing films can also be grown by this technique.[62] 
This was demonstrated on the PGA/PAH (PGA: poly(L-glutamic 
acid)) system.
These authors also showed that one can even incorporate in 
the multilayer, by spraying, phospholipid vesicles in an intact 
form. The vesicles were constituted of POPC (1-palmitoyl-2-ole-
oylsn-glycero-3-phosphatidylcholine), POPG (1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphatidyl-DL-glycerol) rigidified with cholesterol 
and further stabilized by poly(L-lysine) (Figure 8). In order to 
demonstrate that the vesicles remain intact after being sprayed, 
they were filled them with an electrochemical probe, ferrocyanide. 
After their buildup, cyclic voltametry was applied to determine bH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1001–1016
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Figure 8. (a) AFM images (in the tapping mode) obtained by spraying 
stabilized vesicles (SV) solutions at 0.1 mg mL−1 after PDL stabilization 
on a PEI−(PGA/PAH)2−PGA film and covered by a (PGA/PAH)2 bilayer. 
Reprinted with permission.[62]Copyright 2005; American Chemical Society. 
(b) Evolution of the thickness increase measured by ellipsometry of a 
PEI−(PGA/PAH)2-(PGA/SV)−(PGA/PAH)6-(PGA/SV)−(PGA/PAH)4 mul-
tilayer obtained by the alternated spraying method. The different steps 
correspond to the deposition of the following parts: step I: PEI; step II: 
step I + (PGA/PAH)2; step III: step II + (PGA/SV)−(PGA/PAH)2; step IV: 
step III + (PGA/PAH)2; step V: step IV + (PGA/PAH)2−(PGA/SV)−(PGA/
PAH)2; step VI: step V + (PGA/PAH)2. Reprinted with permission.[62] 
Copyright 2005, American Chemical Society.
Figure 9. (a) AFM topographical image, obtained in contact mode and 
in the dry state of a PEI−(PSS/PAH)5−(silicic acid/PAH)15 film prepared 
by the reactive spray deposition method. Silicic acid was sprayed at a 
concentration of 10.8 mM. The image size is of 5 μm × 5 μm. (b) Height 
evolution of the same film along a line perpendicular to the scratched 
line of the left-hand panel image. Reprinted with permission.[66] Copyright 
2007, American Chemical Society.any leaking or destruction of the vesicles. Almost no oxidation 
current was detected during the first 40 minutes following the 
film buildup, indicating that the vesicles remained intact during 
spraying and subsequent incorporation in the multilayer.
In 2006, Fery and co-workers[63] described the first nanocom-
posite film obtained by alternate spraying of gold nanoparticles 
and photosensitive nitrodiazoresin polycations. These films were 
subsequently cross-linked by UV irradiation which induced the 
conversion of originally ionic bonds into covalent ones.
Spray-assisted LbL allowed also to develop another new con-
cept, namely that of reactive spray-assisted LbL deposition. The 
concept of reactive step-by-step process leading to the forma-
tion of mixed polyelectrolyte/oxide nanoparticle coatings was © 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1001–1016first introduced by the group of Caruso[64,65] and later extended 
to spray-reactive LbL by Ball and co-workers.[66,67]
It consists in an alternated spraying of polyelectrolytes and 
oxide precursors, particularly alkoxides. The water sensitivity 
of the alkoxides then leads to rapid hydrolysis and condensa-
tion ending-up in the formation of nanoparticles. Nanocom-
posite films made of polyelectrolytes and nanoparticles by 
in situ formation of the nanoparticles are generally obtained 
(Figure 9). The concept of spray-assisted reactive LbL was first 
used to prepare nanocomposites of polyamines and silica par-
ticles resulting from an alternated spraying of polyamine and 
silicic acid solutions.[66] It was then extended to the formation 
of polyamine/titania nanoparticles.[67]
3.4. Technical Improvements of the Spray Process
In 2009, the group of Hammond introduced the spray-assisted 
LbL on porous membranes such as membranes constituted 1007wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 10. Schematic of the mask process. Note that the mask and the 
substrate spin together. The inset photograph is of a patterned nano-
composite of 100 pairs of carbon nanofiber/PDADMAC layers assembled 
using a mask with approximately 1 mm slots, the scale is in centimeters. 
Reproduced with permission.[70]of electrospun fibers.[68] Compared to the LbL method by dip-
ping, the spraying process may impair the production of con-
formal coatings of the fibers.[69] To circumvent this drawback 
the authors proposed to realize the spraying process under a 
pressure gradient across the membrane by applying a vacuum 
on the rear side of the membrane. A variation of the vacuum 
allowed the control of the flow-rate of the sprayed solutions 
through the membrane. Low vacuum results in a conformal 
coating of the fibers whereas for high vacuum only the sur-
face of the fibers that faces the spray is covered. Finally, in the 
absence of vacuum, a bulky deposit forms at the outer surface of 
the membrane where the polyelectrolyte complexes bridge the 
pores. A pressure gradient across the membrane thus allows 
achieving various functional geometries of the membrane and 
in particular to impose gradients inside a membrane.
In 2009, Merrill and Sun developed spray and spin-coating 
assisted LbL, named spin-spray layer-by-layer (SSLbL).[70] In 
this method the substrate is continuously rotated (typical rota-
tion speed 3000 rpm). A first solution is then sprayed on the 
substrate for a precise time duration. After a brief rest time a 
rinsing solution (usually water) is sprayed. The substrate is then 
dried under rotation before the whole procedure is repeated 
with the second interacting solution. The whole process can be 
repeated up to hundreds of times. The method differs from the 
classical spin-coating assisted LbL in a way that for SSLbL the 
sprayed volumes and the concentration of the sprayed solutions 
are small and calibrated to reduce as largely as possible the 
amount of lost material in each deposition step. An efficiency 
of about 50% was found without significant optimization. The 
method relies on the fact that when a liquid film deposited on 
a substrate and radially spread over the substrate reaches a crit-
ical thickness, its rate of thinning by spreading becomes neg-
ligible. Evaporation of the solvent becomes then the dominant 
effect for the further film thinning. The goal in SSLbL is to 
start by spraying a layer of solution which uniformly covers the 
substrate with a thickness, estimated by the authors, for water 
solutions, of the order of 5 μm. The concentration of the solu-
tions of the deposited material (polyelectrolytes, nanoparticles, 
nanofibers…) is then adjusted in such a way that it allows to 
build only a monolayer. This corresponds typically to concentra-
tions 10-50 times smaller than those employed in traditional dip 
coating LbL. The rinsing step ensures that the eventual material 
deposited in excess is removed. In this technique, the spraying 
time, the rest time (which allows evaporation) and the rinsing 
time are all of importance for the control of the film thickness 
and film roughness. Moreover under a critical thickness value, 
a film sprayed through a mask follows the pattern imposed by 
the mask. The pattern is only very slightly affected by the rota-
tion of the substrate due to the fact that the thinning is mainly 
caused by evaporation. The mask can be changed after each 
deposition step allowing the formation of devices with complex 
3D nanostructures (Figure 10).
3.5. Towards the Simultaneous Spraying Process
Spray-assisted LbL is typically performed by alternating the 
spraying of polyanion and polycation solutions followed by a 
rinsing step of sprayed buffer solution or water to remove the wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gmexcess of weakly bound polyelectrolytes. Izquierdo et al. showed 
that this rinsing step can be omitted without impairing the film 
buildup.[29] It was also found that the duration of the polyelec-
trolyte spraying steps can be rendered almost arbitrarily short. 
This led Porcel et al.[30] to propose, in 2005, to spray simultane-
ously the polyanion and the polycation solutions on a substrate 
held vertically. This process, now denoted as the simultaneous 
spray coating of interacting species (SSCIS), leads to organic 
films whose thickness increases linearly with the spraying time 
(Figure 11). First demonstrated for the PGA/PAH system, the 
method was recently shown to be quite more general applying 
(i) to almost any kind of polyanion/polycation systems, 
(ii) to polyelectrolyte/small multi-charged molecule systems, 
(iii) to polyelectrolyte/nanoparticles systems and (iv) even to 
the simultaneous spraying of two inorganic solutions.[31] In 
the latter case, growth of an inorganic film is obtained due to 
the formation of a supersaturated liquid film with respect to 
the inorganic material. It was for example shown that spraying 
simultaneously a CaCl2 and a NaF solutions results in the for-
mation of a CaF2 coating when the sprayed solution concentra-
tions are sufficiently high.
For a given polyanion/polycation spraying rate ratio, the 
growth rate of the film increases rather linearly with the 
spraying rate of the two constituents. In simultaneous spraying 
of interacting species, the spraying rate ratio of the two con-
stituents constitutes the most pertinent parameter for the film 
buildup rather than the spraying rate of each constituent. For 
polyanion/polycation systems sprayed simultaneously, the 
film thickness increase versus spraying time goes through a bH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1001–1016
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Figure 11. (a) Evolution of the thickness of a PEI−(PGA/PAH) film buildup versus spraying time (s) for a PGA spraying rate of 8.2 × 10−7 mol/s and a 
PAH spraying rate of 10.2 × 10−7 mol/s. (b) Polyelectrolyte spraying rate matrix showing the incremental thickness in nm/s of a PEI−(PGA/PAH) film as 
a function of the PGA and PAH spraying rates (QPGA and QPAH) in mol/s. Reprinted with permission.[30] Copyright 2005, American Chemical Society.maximum for an optimal sprayed polyanion/polycation rate 
ratio (Figure 12).
When a large excess of one of the constituents with respect 
to the other is sprayed, the film growth is limited. Using 
X-ray spectroscopy (XPS), the composition of a PSS/PAH 
film obtained by simultaneous spraying of the two compo-
nents was determined.[71] Interestingly, it was found that the 
sulfonate/amine composition was within experimental error 
1:1 and is independent of the relative spraying rate of the two © 2012 WILEY-VCH Verlag Gm
Figure 12. Film growth rate (in nm·s−1) versus PSS/PAH ratio with vari-
able poly(styrene sulfonate) and constant PAH spraying rate of () 7.0 × 
10−3 mol·s−1 (PAH concentration of 2.5 mg/mL), () 4.3 × 10−3 mol·s−1 
(PAH concentration of 1.5 mg/mL), () 1.4 × 10−3 mol·s−1 (PAH concen-
tration of 0.5 mg/mL), and () 2.9 × 10−4 mol·s−1 (PAH concentration of 
0.1 mg/mL) and () with variable spraying rate of PAH with a constant 
spraying rate of PSS of 2.8 × 10−3 mol·s−1 (concentration of 1.8 mg·mL−1). 
The solutions were at pH 7.5 and sprayed with a spraying step time of 
5 s. Reprinted with permission.[71] Copyright 2011, American Chemical 
Society.
Adv. Mater. 2012, 24, 1001–1016constituents. There is thus a nearly perfect intrinsic charge 
compensation in the film. This might be due to the fact that the 
experiments were performed without salt added in the polyelec-
trolyte solutions.
4. Applications of Spray Assisted LbL
Films obtained by spray-assisted LbL have been used in various 
domains: as functionalized biomaterial coatings, to create cata-
lytically active surfaces, for energy related applications, corro-
sion protection systems and organic electronics. We will now 
review these different potential application fields.
4.1. Biomaterial Applications
Hammond’s group analyzed a tetralayer buildup strategy 
using dextran sulfate or heparin as polyanion, a degradable 
poly(β-amino ester) as hydrolytically degradable polycation and 
embedded block copolymer vesicles containing hydrophobic 
drugs (paclitaxel or diclofenac).[72] The authors compared the 
release kinetics of the drugs once films were built either by the 
dipping or the spraying procedure. For both polysaccharides 
(heparin and dextran sulfate) and for both the short times (2h) 
or long times (12 h and up 120 h), the released amounts of 
diclofenac were more important when the films were prepared 
by spraying. Besides the rapid preparation, the spraying process 
allows including larger amounts of drugs compared to dip-
ping processes. Indeed, the short contact time of the solutions 
with the film limits the diffusion of the embedded drugs out 
of film.
The same group investigated more deeply the drug delivery 
properties of films either built by dipping or spraying. Films 
were equipped with vancomycin hydrochloride in LbL architec-
tures using alginate, chondroitin sulphate or dextran sulphate 
(as polyanion) together with poly(β-amino ester) as polycation.[73] 1009wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 13. Vancomycin release from (poly(β-amino ester)/polyanion/vancomycin/polyanion)60 films. a) Total vancomycin release over time from 
dipped films. b) Total vancomycin release over time from sprayed films. c) Normalized vancomycin release over time from dipped films. d) Normalized 
vancomycin release over time from sprayed films. Reprinted with permission.[73] Copyright 2010 Wiley.The included antibiotics were positively charged and could thus 
be included through electrostatic interactions. Tetralayers were 
deposited with two polysaccharide layers separated either by a 
vancomycin or a polyester layer. The final architectures were 
constituted by 60 tetralayers and prepared either through a 
dipping or spraying LbL procedure. The films obtained by dip-
ping presented a non-linear growth whereas those obtained by 
spraying grew linearly with the number of deposition steps and 
were quite thinner. The kinetics of antibiotics releases were 
fully different depending on the film construction process (dip-
ping or spraying). The dipped architectures showed a linear 
release of the antibiotics over 40 h for dextran sulphate/poly(β- 
amino ester) and 24h (with a rapid release in the initial 8h) for 
alginate or chondroitin sulphate used as polyanion (Figure13a 
and c). The sprayed films displayed a totally different release 
kinetics: about 97% of vancomycin was released in about 4h for 
alginate and chondroitin sulphate films (Figure 13b and d). The 
absence of inter-diffusion for the sprayed films appears to be 
at the origin of the strong difference in drug release between 
dipped and sprayed architectures. More complex buildups can 
be obtained in which fast and long release kinetics are found by 
mixing spray and dipped architectures. Films obtained by first 
dipping followed by spraying allow an immediate eradication of 
bacteria (rapid release of the sprayed part) followed by a slow 
long term linear release preventing for example re-colonization 
of a wound (dipped part of the film).
The possibility to elaborate multilayered bioactive archi-
tectures via a spraying procedure was also explored through 
an approach based on the preparation of hybrid materials 0 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag constituted by colloidal nanoparticles, polyelectrolytes and a 
bioactive molecule: dexamethasone.[74] The spraying procedure 
employed was slightly modified since the process was based on 
ultrasonic nebulization using high frequency ultrasonic waves 
which convert a liquid solution into aerosols. The films built 
by nebulization are formed by organized structures and possess 
properties that can be advantageous for multiple drug delivery 
systems. The authors suggest that smaller particle layers are pro-
duced by spraying due to the nebulization procedure. It results 
either from a particle size reduction due to ultrasonic pulses or 
to a difference in packing. The dexamethasone amount depos-
ited by nebulization was however more important compared 
to dipping. The global film thickness increase (including also 
TiO2 particles and PSS) followed by quartz crystal microbalance 
was quite more important for the buildups realized by dipping 
compared to spraying. The obtained films have a fairly homoge-
neous granular aspect with protruding aggregates.
Tissue engineering concerns the replacement of diseased tis-
sues by cellularized scaffolds in which different cell types are 
embedded in order to create buildups comparable to the tissue 
organization. Cells should keep their phenotype and develop 
their own matrix after cellularized matrix preparation. One 
possible route to create such architectures is to embed cells 
in alginate layers which can be microstratified by successive 
stackings. Successive layers can be separated by bio-function-
alized polyelectrolyte films. The films can be equipped with 
active molecules like drugs, growth factors aimed to induce the 
required signalization at the cellular level. The structures can 
be elaborated by means of spraying the different components GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1001–1016
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Figure 14. Vertical section image observed by confocal laser scanning microscopy of (PLL/HA)10-PLLFITC-AGL1-(PLL/HA)3-PLLFITC-AGL2-(PLL/HA)10-
PLLFITC architecture (FITC is fluorescein isothiocyanate). Alginate layers, AGL1 and AGL2, were obtained by the dipping process, i.e. after spraying of 
the alginate solution (Δ t = 10 s) and dipping of the architecture in a 0.05 M CaCl2 solution (2 h). (PLL/HA)10-PLLFITC precursor film was built in 0.15 M 
NaCl solution. (PLL/HA)3-PLLFITC intermediary film and (PLL/HA)10-PLLFITC final film were built in a 0.05 M CaCl2 solution The scale bar represents 
60 μm. Reproduced with permission.[75] Copyright 2008, Royal Society of Chemistry.
Figure 15. Tube formation. (A) PAH-Alginate low viscosity gel-PAH-PSS-
PAH-Alginate medium viscosity gel-(PAH-PSS)5-PAH capped alginate 
membrane was detached from the support by peeling and (B) rolled 
around a mandrel observed by scanning electronic microscopy (scale 
bar 1 mm). (C-D) Nuclei (Syto 16 labeling) of wrapped cells, cultured 
approximately during 1 week, were visualized by confocal microscopy (C: 
scale bar 300 μm, D: scale bar 75 μm). Reproduced with permission.[77] 
Copyright, Royal Society of Chemistry.as investigated by Mjahed et al. in 2008.[75] These authors dem-
onstrated the possibility to build multilayered alginate scaffolds 
via alginate spraying further reticulated by calcium chelation. 
To avoid the formation of large holes in the alginate structure 
calcium spraying should be avoided, the alginate chelation by 
calcium should be rather induced by dipping. LbL buildup was 
performed by spraying the polyelectrolyte solutions in the pres-
ence of Ca2+. Micro-stratified structures where alginate layers 
alternate with HA/PLL multilayers were obtained (Figure 14).
Two model cell types were embedded in the alginate layers 
(fibroblasts and melanocytes). Melanocyte cells responded to 
the included active molecules demonstrating the possibility 
to induce cellular responses via embedded active molecules 
included in LbL films prepared by means of a spraying pro-
cedure.[76] The same approach has recently been described for 
total blood vessel construction. Blood vessels are mainly con-
stituted by endothelial and smooth muscle cells present in the 
intima and media.[77] It was also shown that both cell types can 
be easily grown on PSS/PAH films onto which they adhere 
and proliferate. Alginate was sprayed onto a vertical oriented 
receiving surface and chelated by means of calcium. Two dif-
ferent alginate solutions (low and medium viscosity) were 
sequentially sprayed on the surface separated by a film consti-
tuted by 1.5 PAH/PSS layers. The architecture was ended with 
5.5 pairs of sprayed PAH/PSS layers. Smooth muscle cells grew 
and kept their phenotype once cultivated on the buildup. They 
were well aligned in a parallel manner due to the presence of 
grooves which formed during the buildup due to drainage. This 
property induces an increase of the contractile markers and 
maintains the healthy phenotype of the cultivated cells. The 
detached cell sheet was rolled 7 to 8 times around a mandrel 
and a tube was formed which constitutes the initial stage of the 
buildup of a blood vessel (Figure 15).
4.2. Protective Surfaces Against Chemical Warfare Agents
There is currently an increasing concern for the use of chem-
ical warfare and toxic chemical environments faced by soldiers 
and emergency care providers. This triggers the development 
for new protective textiles or protective devices. Spray-assisted 
LbL was used by the group of Hammond[59] to prepare filters 
able to strongly bind toxic industrial compounds or chemical 
warfare agents. These were obtained by coating stainless steel 
filters with PAA/PAH multilayers where the PAA solution © 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1001–1016was sprayed in the presence of metal ions, Cu2+, Fe2+ or Ag+. 
Buildup of multilayers by a spraying process, instead of dip-
ping, allowed a high loading of the film with metal ions, leading 
to “metal ion reactive films”. These metal ions were then used 
to complex soft-base ligands which constitutes the under-
lying basis for their use as filters for toxic agents. The authors 
showed in particular that films containing Cu2+ ions can serve 
as filters for ammonia vapor and multilayers containing Fe2+ 
ions were used to capture cyanide from hydrogen cyanide when 
used in air saturated in humidity. The Ag+ ions incorporated in 
the multilayers were first reduced into Ag(0) nanoparticles by 
hydrogen treatment. These films were then used as filters for 
chloroethyl ethyl sulfide, a simulant for mustard gas. The filters 
were stable over long time periods and could be regenerated. 1011wileyonlinelibrary.combH & Co. KGaA, Weinheim
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carbon monoxide or organophosphate nerve agents.
The same group also developed photocatalytic LbL coatings 
for the degradation of toxic agents.[78] These coatings were gen-
erated by alternated spraying of titanium dioxide nanoparticles 
and PDADMAC solutions leading to a mechanically stable 
coating. Under UV exposure, the titanium dioxide nanoparti-
cles degrade organic molecules such as the chemical warfare 
simulant chloroethyl ethyl sulfide through radical photo-cat-
alytic degradation. Moreover, the ionic complex nature of LbL 
allows the material to have much greater water vapor transport 
properties and thus presents larger comfort when compared to 
inert rubbers that are used for similar applications. To improve 
the photocatalytic activity of the nanoparticles, Grandcolas et al. 
developed titanate nanotubes (TiNT) impregnated with WO3.[79] 
The absorbance of these WO3/TiNT nanotubes extended far in 
the visible range compared to bare TiNT nanotubes. These nan-
otubes were incorporated into poly(ethyleneimine)/TiNT multi-
layers obtained by alternate spraying of TiNT and PEI solutions 
onto textiles.[80] The use of the spray deposition method led to 
homogeneous coverage of the textile fibers in contrast to the 
dipping based LbL which resulted in a non-homogeneous cov-
erage where fibre surfaces covered by particle aggregates alter-
nated with naked zones with no deposited material (Figure 16).
As for the group of Hammond, the sprayed LbL PEI/
TiNT multilayers showed good mechanical stability tested by wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
Figure 16. SEM images of the photocatalytic textiles with WO3 (4 wt.%)-
TiNTs obtained by (A) dipping and (B–E) spray procedures. Reprinted 
with permission.[80]mechanical friction of the functionalized textile. The function-
alized textiles were tested against dimethylmethylphosphonate 
(DMMP) acting as a simulant for yperite (mustard gas) and 
against yperite. The toxic agents were deposited as droplets 
on the textile. The substrate was then illuminated for different 
durations and the material remaining on the textile was ana-
lyzed. The textiles showed self-decontamination properties with 
complete removal of DMMP after 7 minutes under a standard-
ized protocol (20 minutes for yperite). These properties resulted 
both from evaporation of the material on the substrate and from 
photocalytic degradation due to the presence of the TiNT nano-
tubes. The decontamination effect was faster on textiles coated 
by 10 LbL bilayers compared to 5 bilayers. This shows that, at 
least up to 10 PEI/TiNT bilayers, most of the TiNT nanotubes 
participate in the photocatalytic activity. After 2 hours of light 
illumination of DMMP impregnated textiles, XPS measure-
ments revealed the presence of phosphates as ultimate oxida-
tion state of the phosphor atom that could result in a deactiva-
tion of the photocatalyst by active site blocking. The photoac-
tive textile could be totally refreshed by washing with a basic 
solution at pH 12. This also shows the strength with respect to 
washing of the sprayed PEI/TiNT multilayer. Finally, no multi-
layer degradation was observed during the experiments due to a 
possible photodegradation of PEI.
4.3. Coatings with Optical Properties
The layer-by-layer deposition technique by alternating the 
adsorption of anionic and cationic species offers a unique way 
to precisely control and vary the physical properties of a coating 
in the direction perpendicular to the deposition substrate. This 
is particularly useful for the development of films of controlled 
refractive index profile which is a pre-requisite for the design of 
anti-reflection coatings. The two major challenges to overcome 
are to build layers of refractive indices of the order of 1.25 which 
is extremely small and to render the coatings abrasion resistant. 
The first challenge can be reached by using porous layers. This 
problem was successfully addressed by the groups of Rubner 
and Cohen who used “conventional” LbL dipping of weak poly-
anions and polycations with adequate pH changes to induce 
microporosity in the films.[81] They also addressed the problem 
by depositing alternately polyanions and nanosilica particles 
followed by a thermal treatment to allow sintering between the 
particles and confer mechanical stability to the film.[82] Recently, 
Chundler et al.[83] proposed to use spray assisted LbL associ-
ated with a sol-gel treatment to create abrasion-resistant anti-
reflection coatings on polycarbonate substrates. Like Rubner 
and Cohen, they alternately deposited PAH and silica nanopar-
ticles on the substrate. This was performed by spraying which 
allows coating large surface areas. The mechanical strength of 
the coating was obtained by bringing the film in contact with 
a tetrahydroxysilane sol-gel solution and thermal treatment at 
100 °C overnight. This led to a partial fusion of the silica par-
ticles, rendering the coating abrasion resistant without altering 
its anti-reflection properties. The group of Shiratori[84] also suc-
cessfully fabricated an anti-reflection coating by using exclu-
sively spray-assisted LbL. They deposited a double-layer film 
composed of a 7 nm high refractive index (1.76 at 550 nm) layer mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1001–1016
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bis(ammoniumlactato) dihydroxide solutions. On top of this 
layer a 14 nm PAH/PAA multilayer film (refractive index 1.48 
at 550 nm) was deposited again by spray assisted LbL. The 
“double-layer” coating showed a minimum reflection of 0.5% 
and maximum transmittance of 94.5% at 550 nm.
The same authors used an automatic spray LbL machine 
based on in situ monitoring to follow the film growth in real 
time using quartz microbalance techniques (QCM) in which 
they investigated the influence of the spray pressure on the film 
buildup. The equipment allowed to demonstrate the optical 
properties of the double layered film deposited on a glass with 
an increase of the transmission of about 5% compared to the 
bare glass side[85]
Nogeira et al. used automated spray assisted LbL to pre-
pare highly reflective structurally colored thin films with high 
reflectance at near-UV light wavelength[86] This was reached by 
alternating stacks of high and low refractive index materials. 
High refractive index (1.87) stacks were built by alternating 
several layers of poly(vinyl sulfonic acid) and 7 nm TiO2 nano-
particles and low refractive index (1.28) stacks were obtained by 
alternated deposition of PAH and 7 nm SiO2 nanoparticles. Up 
to 840 deposition steps were performed to prepare an optical 
quality film constituted by 11 stacks. These films were homo-
geneous over several square centimetres. The authors showed 
that the spraying time of each individual layer constituted an 
important parameter to obtain homogeneous coatings with low 
roughness. The time required to deposit a complete bilayer was 
about 90s compared to 36 min for a similar buildup prepared 
by dipping. After each stack deposition the film was calcinated 
to remove the polyelectrolyte between the particles.© 2012 WILEY-VCH Verlag Gm
Figure 17. SEM topographic images of PAA/PEI multilayer films prepared b
pH 5.0; b) PAA pH 2.89/PEI pH 6.5; c) PAA pH 2.89/PEI pH 7.5; d) PAA pH
Adv. Mater. 2012, 24, 1001–10164.4. Miscellaneous Applications
Bio fouling constitutes a major economical problem in many 
industrial areas and in particular in ship maintenance. To pre-
vent bio-fouling, the hull of the boats are usually covered with 
paints that contain biocides. Yet, the use of biocides becomes 
increasingly restricted by legislation. It has been shown that 
beside chemistry, surface topography plays an important role 
in alga and other micro-organisms adhesion on surfaces. Less 
adherence is usually observed for rough surfaces whose char-
acteristic roughness size is of the order of that of the adhering 
micro-organism thus usually in the micrometer size range. 
Such a topography usually leads to a minimum of contact points 
between the micro-organism and the surface and thus also 
to the smallest adhesion strength. Grunze and co-workers[87] 
proposed to use PEI/PAA multilayers to design such micro-
structured surfaces to address this problem. The exponentially 
growing multilayer PEI/PAA allows reaching thicknesses in the 
micrometer size range after only few deposition steps. They 
sprayed alternately PAA solutions at pH 2.89 and PEI solutions 
at various pH values ranging from 5 to 9. After each deposition 
step, the film was rinsed with water and dried. At the end of the 
buildup process the film was heated under vacuum up to 160 °C 
for 6 hours for cross-linking. This ensures mechanical stability 
of the multilayer. The pH changes between the PEI and the 
PAA solution leads to micro-structuring of the film as it was 
observed by Rubner for the PAH/PAA system.[88] The higher the 
pH of the PEI solution employed, the larger was the character-
istic size of the micro-structure features of the film (Figure 17). 
The values range from 0.6 μm at pH 5 to 2.2 μm at pH 9. The 
authors investigated the adhesion of Ulva linza spores which 1013wileyonlinelibrary.combH & Co. KGaA, Weinheim
y polyelectrolyte solutions with different pH values: a) PAA pH 2.89/PEI 
 2.89/PEI pH 9.0. Reprinted with permission.[87]
1014
www.advmat.de
www.MaterialsViews.com
R
ev
ie
w
Figure 18. Optical microscopy images of the surface of AA2024 coated with sol-gel film only (column Al’sg; a) and d); AA2024 pre-treated with 8HQ 
and sol-gel coating (column Al’inh’sg; b) and e); AA2024 coated with sol-gel and inhibitor doped polyelectrolyte sandwich (column Al’sg’PE; c) and f). 
Initial defects are presented in (a, b, c) and after 4 days of immersion (d, e, f). Reprinted with permission.[90] Copyright 2008, Wiley.provide a good model of marine fouling organisms onto these 
films. They observed a strong correlative decrease of the adhe-
sion of spores with the increase of the feature size of the film.
Corrosion processes are usually hindered by covering the 
metallic surfaces with protective coatings that contain corro-
sion inhibitors. These inhibitors are embedded in nanopores 
of a protecting layer and are released during degradation. Yet, 
the embedding of corrosion inhibitors into the nanopores leads 
also to their spontaneous leakage once employed. Corrosion 
processes are accompanied by local pH changes. For example, 
the corrosion of AA2024-T3, an aluminum alloy used in the 
aerospace industry, takes place through anodic activity due to 
the dissolution of aluminum and magnesium. Both dissolution 
reactions produce free cations which are hydrolyzed causing a 
decrease of pH in the anodic region up to around pH 3. Simul-
taneous cathodic reactions occur, which are attributed to the 
reduction of oxygen and water molecules with a local alkalini-
zation of the solution up to pH 10. It would be very useful to 
design active coatings that keep corrosion inhibitors under neu-
tral pH conditions and which release them only when corrosion 
takes place once the local solution becomes acidic or alkaline. 
Such a strategy is followed by Shchukin and Möhwald[89–91] 
who developed active anti-corrosion coatings based on poly-
electrolyte multilayers equipped with both polyelectrolytes and 
corrosion inhibitors. These anti-corrosion compounds act via 
chelates of metallic cations with the formation of a blocking 
barrier on the metallic surface. Several types of anti-corrosion 
architectures were presented: some are obtained by the alter-
nate spraying of polyelectrolytes and oppositely charged small 
molecules constituting the inhibitors,[56] other architectures are 
made of polyanion/polycation multilayers containing the inhib-
itor molecules.[89,90] PEI/PSS multilayers charged with 8-hydox-
yquineline constitute such a typical example. The anti-corrosion 
properties of the films are based on three complementary wileyonlinelibrary.com © 2012 WILEY-VCH Verlag mechanisms. (i) The polyelectrolyte multilayers possess pH-
buffering activity that stabilizes the pH between 5 and 7.5 at 
the metal surfaces which slows down the corrosion processes. 
(ii) The PEI/PSS multilayers provide a stable 8-hydoxyquineline 
storage film which prevents spontaneous leakage at neutral pH 
and releases the anti-corrosion compound above pH 8 when 
corrosion starts. (iii) Finally, the stability of the polyelectrolyte 
multilayers is based on non-covalent electrostatic interactions. 
The polyelectrolytes are relatively mobile and have the tendency 
to seal and eliminate mechanical cracks on coatings. These 
films also show self-healing effects on the corroded areas. 
The polyelectrolyte multilayers were obtained by sequential 
spraying of aqueous solutions of PEI, PSS, 8-hydoxyquineline 
on aluminum surfaces: The aluminum alloy substrates were 
first ultrasonicated.[89] This rendered the surfaces extremely 
rough and increased the surface hydroxyl group concentration 
which improved wettability, adhesion and chemical bonding of 
the polymer layers. A second strategy was to spray the multi-
layer on top of a protective SiO2/ZrO2 sol-gel film that acts as a 
barrier and favours strong adhesion of the polyelectrolytes onto 
the substrate. In both cases a strong decrease of corrosion was 
observed and even a self-healing process of the intentionally 
damaged areas took place (Figure 18).
Spray-assisted LbL is also used in fuel-cell developments. 
Fuel cells are electrochemical devices that convert chemical 
energy into electrical energy. They are constituted by an anode, 
a cathode and a proton exchange membrane. In hydrogen fuel 
cells, for example, hydrogen is oxidized at the anode and the 
protons are reduced in the presence of oxygen at the cathode 
with the formation of water. Both the oxidation and reduction 
reactions require the presence of catalysts (usually Pt catalysts) 
to take place. The catalytic area needs to be as large as possible, 
hydrogen and oxygen must easily diffuse towards the catalyst 
and electrons need to be transported easily from the anode GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1001–1016
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iewtowards an external circuit and from this circuit towards the 
cathode. This is achieved through membrane electrode assem-
blies whose organization should be optimized at the nano-
scale and the LbL assembly can be used for this purpose. To 
speed-up the manufacturing process, Roth and co-workers used 
spray-assisted LbL. In a first study they used a membrane elec-
trode assembly realized by alternating the deposition of poly-
aniline fibers functionalized with Pt nanoparticles as polyca-
tion with Nafion as polyanion as an anode (20 bilayers) and a 
standard carbon black cathode. They reached a power density of 
63 mW cm−2 and a Pt utilization of 437.5 mW per mg Pt.[92] To 
further improve fuel cell efficiency they proposed more recently 
a new architecture: the anode was obtained by alternating the 
spray deposition of Pt functionalized polyaniline fibers and Pt 
functionalized carbon nanotubes. The spraying was performed 
onto a Nafion membrane at 120 °C and between each deposi-
tion step, the layer was allowed to dry The cathode was obtained 
by spraying an ink composed of Nafion and 20% carbon black. 
This architecture allowed them to reach power densities of 
160 mW cm−2 with a Pt utilization of 2663 mW mgPt−1.[93]
5. Conclusion
In this review we have presented an overview of the polyelec-
trolyte multilayer deposition method by spraying. This method 
offers an appealing alternative to the dipping or spin-coating 
methods in as far as it is much more rapid, allows easily to 
coat substrates of large area and is thus also more industrially 
adaptable. The resulting multilayers present characteristics 
that are close to those obtained by dipping, yet some differ-
ences can exist: the film roughness can be reduced, spraying 
allows creating gradient structures on porous substrates. It 
also leads to different loading characteristics of the films with 
ions or active compounds. One extension of the LbL spraying 
method is the simultaneous spray coating of interaction spe-
cies (SSCIS) which leads to new types of polyanion/polycation 
complex films. SSCIS not only provides a new coating method 
but represents also a great tool to investigate polyanion/poly-
cation complexes from a totally new point of view. Because the 
polyelectrolytes in excess and thus not involved in the com-
plexes are naturally removed by drainage, SSCIS provides a 
unique means of investigating complex composition. Finally, 
due to its ease of application, the spraying method offers 
new opportunities to investigate fundamental questions on 
polyelectrolyte multilayers. One of the major questions is the 
predictability of the nature (linear or exponential) of the film 
growth. A better understanding of the influence of the nature 
of the ions of the supporting medium on the film growth is 
another issue. The internal dynamics of these films is also a 
very important question of widespread consequences on the 
film applications.
Yet, the spray coating method, even if first mentioned in the 
literature by Schlenoff in 2000 was first developed for industrial 
purposes. Applications in very diverse fields are envisioned: 
optical coatings, anti-corrosion deposits, bioactive and bio-
material coatings, tissue engineering substrates, anti-fouling 
coatings, protection against chemical warfare agents, catalytic 
surfaces. Applications will certainly expand and be applied at © 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1001–1016 [1] K. K. Iler, J. Colloid Interface Sci. 1966, 21, 569.
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